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ABSTRACT 
 
Crude distillation unit (CDU) is a complex process in the field of separation which 
produces wide range of products at different stages under different conditions.  The 
products of the process were heavy naphtha, kerosene, diesel, atmospheric gas oil and 
reduced crude.  However, the dynamic and multivariable nature with strict quality was 
makes it difficult to operate the process units steadily.  More, the dynamics of CDU are 
complex due to its complex vapor-liquid equilibrium relationships.  It is necessary to 
predict the new steady-state values for any changes in the operating conditions. This 
research aims to develop a steady-state model for CDU based on the fundamental 
modeling approach. The simulation was carried out in Aspen Plus. The effect of feed 
flow rate, feed composition and steam flow rate on product compositions and tray 
temperatures were studied. The results were compared with the data available in the 
literature and the accuracy of the model has been proved. 
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ABSTRAK 
 
Unit penyulingan mentah (CDU) adalah satu proses yang kompleks dalam bidang 
pemisahan yang menghasilkan pelbagai jenis produk pada peringkat yang berbeza di 
bawah keadaan yang berbeza. Produk-produk hasil daripada pemisahan ini adalah 
naphtha berat, minyak tanah, diesel, minyak gas atmosfera dan lebihan minyak mentah. 
Walau bagaimanapun, ciri-ciri yang dinamik dan berbilang dengan kualiti yang ketat 
adalah sukar untuk mengendalikan unit-unit proses ini.  Dinamik CDU adalah kompleks 
disebabkan oleh hubungan keseimbangan wap-cecair yang kompleks. Ia perlu untuk 
meramalkan nilai baru keadaan yang seimbang bagi apa-apa perubahan dalam keadaan 
operasi. Kajian ini bertujuan untuk membangunkan model keadaan yang seimbang bagi 
CDU yang berdasarkan pendekatan asas model. Simulasi telah dijalankan di Aspen 
Plus. Kesan kadar aliran suapan, komposisi suapan dan kadar aliran stim pada 
komposisi produk dan suhu telah di ulang dikaji. Keputusan dibandingkan dengan data 
yang ada dalam kesusasteraan dan ketepatan model yang telah terbukti. 
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CHAPTER 1 
 
 
INTRODUCTION 
 
 
1.1 BACKGROUND OF STUDY 
 
Crude distillation is the first process in the refining sequence and it is important 
to gain the refinery operations due to the highly complex and integrated process of 
petroleum in the field of separation process.  The crude oil or petroleum is a mixture of 
different hydrocarbon components that are called fractions and need to be separated to 
get many useful products.  That why CDU is the most important processing unit in 
refineries which produces wide range of products such as heavy naphtha, kerosene, 
diesel, atmospheric gas oil and reduced crude.  However, the dynamic and multivariable 
nature with strict quality was makes it difficult to operate the process units steadily. 
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Figure 1.1: Schematic Diagram of CDU 
 
Referring to the figure 1.1 for a full explanation of the process of the present 
invention, the crude oil at 200 
0
C to 280 
0
C is preheated by the bottoms furnace for 
further preheated and partially vaporized of the outlet of the furnace.  The  crude oil will 
heated up further between   330 
0
C to 370 
0
C before it sent to the CDU feed and the 
crude oil will be separated into number of fraction at different boiling range.  The 
furnaces operates at 24.18 psia and provides an over flash of 3% in the tower.  The 
outlet of the furnace enters the feed of CDU on certain stage of the main fractionators.  
The CDU is modeled with equilibrium stages and pressure drop where the heavy 
naphtha product at about 60 
0
C to 100 
0
C boiling range is yield at desired flow rate.  A 
total condenser that operates at certain pressure with pressure drop is applied and the 
CDU has pumps around circuits and side strippers for kerosene, diesel and atmospheric 
gas oil (DeGraff R.R. 1978). 
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At about 350 
0
C, most of the crude oil fraction will vaporize and rise up through 
the column.  During the rise, the fraction will lose heat and will be separate at certain 
temperature based on the characteristic of its own fraction characteristics (Montgomery 
D.P. et al. 1986).  The vaporize fraction will condense and change back to liquid when 
it touch tray where the temperature is just below its own boiling point.  The evaporation 
and condensing operation is repeated many times until the desired degree of product 
purity is reach.  Hence, a continuous liquid phase is flowing by gravity through „down-
comer‟.  So, the different fractions are separated each other on different tray of the 
CDU. 
 
The output from the top of CDU, the overhead of vapor product will leave 
through a pipe and routed to condenser.  The outlet of the overhead condenser at about 
40 
0
C contain the existed of liquid naphtha and mixture of gas which will transfer to 
heavy naphtha line for further process (Gomez R.A.M. et al 2005).  In order to provide 
a driving force for separation between light and heavy fractions the CDU needs a flow 
of condensing liquid downward.  However, a lot of heat will loss and to prevent this is 
done by apply the circulating reflux of the column which the objective is to recover heat 
from condensing vapors (Ronald F. et al. 2009). 
 
At boiling range 160 
0
C to 280 
0
C, kerosene which is lightest side will draw of 
from the CDU and falls down into a side stripper through a pipe.  The stripper is just 
like small column with certain stages which function for providing contact between 
vapor and liquid.  The main objective of the stripper is to remove very light 
hydrocarbons by using steam injection or an external heater called „reboiler‟.  The 
boiling range of diesel at 250 
0
C to 350 
0
C and atmospheric gas oil at 200 
0
C to 400 
0
C 
also will draw of from the CDU then falls down into side stripper before being routed to 
further treating units (Fahim M.A. et al.2010).  Lastly, the reduced crude oil which is 
heavy, brown or black color fraction is drawn off at the bottom of CDU. 
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1.2 PROBLEM STATEMENT 
 
The CDU is the most important processing unit in refineries which produces 
wide range of products.  The dynamics of CDU are complex due to its complex vapor-
liquid equilibrium relationships.  Whenever there are changes in feed flow rate or feed 
composition, it is necessary to know the new steady state points of tray temperatures 
and product compositions.  So, accurate steady state model is necessary to predict new 
steady state values. 
 
1.3 RESEARCH OBJECTIVES 
 
The objectives of this research: 
 
1. To develop steady state model for CDU based on the first principles. 
2. To validate the model results by comparing with plant data using Aspen Plus 
simulation. 
 
1.4 SCOPE OF RESEARCH 
 
The main objective of this study is to develop an appropriate steady state model 
for the CDU that will guide to accurate steady state model which is necessary to predict 
new steady state values. 
 To achieve the objectives, scopes have been identified to this research.  The 
scopes of this research are: 
 
1. To develop model based on following equations 
 Overall material balance 
 Component material balance 
 Liquid and vapor summation equation 
 Enthalpy balance 
This equation had been developed in the simulation of the CDU model based on 
the fundamental model.  The number of trays and products had been considered 
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in order to develop the model equation.  All the properties of the crude oil and 
the data of CDU column also had been considered to full fill the Aspen Plus 
simulation requirement.   
 
2. Compare the model results and plant data in the literature to validate the model. 
The success model results had been compared with plant data in literature to 
validate the model.  The result was compared based on the product flow rate, 
ASTM percentage and others. 
 
1.5 RATIONAL AND SIGNIFICANCE 
 
This study aimed to obtain the steady state model of crude distillation unit which 
will be helpful to know the new steady state points of tray temperatures and product 
composition.  As from the introduction, crude distillation was very complicated process 
which will produce several products at different stages.  This overhead product must be 
produced at certain temperature, so in order to maintain the temperature by not affect 
others parameters is very difficult to achieve it.  That is why the efficiency of the 
product will be less than the desired.  To overcome this problem, an accurate steady 
state model is necessary to predict the new steady state value.  Understanding the steady 
state of crude distillation unit is essential to develop good control strategy.  Once the 
research is successful, it will help to proceed in the dynamics simulation. 
The reason in using white box model for the modeling is because white box 
model contains complete data process rather than black and white box model. 
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CHAPTER 2 
 
 
LITERATURE REVIEW 
 
 
2.1 INTRODUCTION 
 
Models are very important and widely used in science and technology.  The 
application of models in engineering can be found in Research and Development, 
Process Design, Planning and Scheduling, Process optimization and Prediction and 
control.  A model is an image from the real process or system which has limit to present 
the complete of the reality (Brian R et al., 2006). 
 
The crude distillation processes are highly complex and integrated in nature, 
where a large number of variables are required to be controlled.  It is necessary to study 
the performance impact of the individual units and consequently the whole plant, and 
allow user to predict the behavior of the process and also assist in evaluation or design 
of the control strategies (Benzo et al., 2004).  These processes are significantly 
interactive and often provide unique challenge to the plant personnel.  The interactive 
nature the control of these processes is difficult task due to the excessive settling time 
(Sampath Y, 2004).  So, the process models are becoming key tools to improve unit 
yields, plant stability, safety and controllability. 
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2.2 MODEL CATEGORIES 
 
When using a model to help in the design process, it is important that the right 
type of model is used. Using the wrong type of model can waste computing power and 
time, and either provide too little detail or far too much.  So, there are three categories 
in modeling which black box model, grey box model and white box model. 
 
A white box model contains as much detail as the simulation model can 
provide and no approximations are made using any bulk parameters.  Fundamental 
models, also called first-principles models or white box models are based on the 
underlying physics of the system.  These models are developed by applying mass and 
energy balances over the components or states and may also include a description of 
the fluid flow and transport processes that occur in the system.  The main advantage of 
fundamental model is that they are highly constrained with respect to their structure 
and parameter.  Also, these models provide physical interpretation of all the variables 
involved in the model and require less data for development.  The model parameters 
can be estimated from laboratory experiments and routine operating data.  As long as 
the underlying assumptions remain valid, fundamental models can be expected to 
extrapolate at operating regions which are not represented in the data set used for the 
model development (Henson, 1998).  A major point of attraction is that a model 
obtained on the basis of fundamental principles is usually more accurate, and provide 
more complete process understanding.  However, the fundamental model is too 
complex for controller design and the process characteristics for the fundamental 
models development are based on assumptions and sometimes these assumption may 
be wrong (Pearson, 1995).  These models can already be developed when the process 
does not yet exist.  The dynamic equations are supplemented with algebraic equations 
describing heat and mass transfer, kinetics, etc.  Developing this model is much timed 
consuming (Brian R et al., 2006). 
 
In a pure black box model the internal workings of a device are not described, 
and the model simply solves a numerical problem without reference to any underlying 
physics. This usually takes the form of a set of transfer parameters or empirical rules 
that relate the output of the model to a set of inputs.  There are no process 
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understanding is required.  This model also called empirical model which do not 
describe the physical phenomena of the process, they are based on input/output data 
and only describe the relationship between the measured input and output data of the 
process.  These models are useful when limited time is available for model 
development and/or when there is insufficient physical understanding of the process 
(Brian R et al., 2006). 
 
In a grey box model, some or all of the mechanisms describing the behavior of a 
device are known, but are not all fully represented in the model. In a grey box model, 
certain elements within the model can be approximated by rules.  If we continue our 
transistor model analogy, then a grey box model of a transistor would be more complex, 
and would model some of the internal transistor operation.  The grey box models also 
are the combination of white and black box model (Zalizawati A et al. 2007) 
 
2.3 STEADY STATE MODEL OF RESEARCH 
 
This research project was proceeds with simulation by Aspen Plus to solve the 
steady state model on CDU. The model equation for an ordinary differential equation of 
this CDU is commonly use in Mass balance, Equilibrium, Summation and Enthalpy 
balance equation.  All of these fundamental equations are available in many different 
nomenclatures and variable definition.  So, before proceed to any further, a practical 
view point should be stated to present the feed crude oil or the products was in terms of 
actual component flow rates or mole fraction since crude oil is a mixture of several 
hundred constituent which are not easy to analyze.  Generally, the composition of crude 
will be in term of pseudo-component in fact of complex mixture of hydrocarbons with a 
range of boiling points (Thirta et al., 2003).  The pseudo-component will characterized 
by an average boiling point and an average specific gravity.  The method of solution 
involves solving simultaneously the system of nonlinear equation which use the 
component mass conservation, energy conservation and the summation equation.  
Traditionally, the nonlinear algebraic method will be solves by using the Newton-
Raphson method.  In this method, the nonlinear equations are linearized at iteration.  If 
the number of nonlinear equation is large, then the result will become ill-conditioned 
leading to slow convergence or non-convergence.  The modified Newton-Rahpson 
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method may be applied to overcome the convergence problem (Thirta et al., 2003).  The 
equation solver has been specially developed for the sparse matrix system present in the 
model to enhance the efficiency of the solution. 
 
However, the Aspen Plus also had been used in develop the steady state model 
of CDU.  The simulation was carried out in steady state form first where the 
specification of crude oil and CDU was designed (Juma H. et al. 2009).  The simulation 
was begin with defining the crude oil feed where defining the component, assay data for 
crude oils, blending the crude oils to produce the crude feed, generate the pseudo-
components for the blend and defined the Assay Data Analysis.  After the blending 
crude and its fractions steps, the simulation was proceeds to add an atmospheric crude 
distillation unit in the simulation flow-sheet.  The additional feed stream, product 
stream and other stream had been specified.  Once the simulation run was successes, the 
steady state simulation had been exported to the Aspen Dynamic where the dynamic 
characteristic had been full fill and it was run in the Aspen Plus without any error.  
After this simulation, the result of product flow rate and the ASTM value had been 
study and discussed about it changes at any manipulation data (Juma H. et al 2009).  So, 
the conclusion here is, the steady state equation must be determine first.   
 
2.4 BASIC METHODOLOGY OF MODELING 
 
Based on the reference of Chemical Engineering Dynamics; An Introduction to 
Modeling and Computer Simulation, the steps in model building had been applied.  One 
of the more important features of modeling is the basic theory which is the physical 
model, and the mathematical equations, representing the physical model which is 
mathematical model, in order to achieve agreement, between the model prediction and 
actual process behavior (experimental data) (J. Ingham et al., 2007). 
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Based on the reference the following stages in the modeling procedure can be identified: 
1. The first involves the proper definition of the problem and hence the goals and 
objectives of the study. 
2. All the available knowledge concerning the understanding of the problem must 
be assessed in combination with any practical experience, and perhaps 
alternative physical models may need to be developed and examined. 
3. The problem description must then be formulated in mathematical terms and the 
mathematical model solved by computer simulation. 
4. The validity of the computer prediction must be checked. After agreeing 
sufficiently well with available knowledge, experiments must then be designed 
to further check its validity and to estimate parameter values. Steps (1) to (4) 
will often need to be revised at frequent intervals. 
5. The model may now be used at the defined depth of development for design, 
control and for other purposes. 
 
 
Flow Chart 2.1: Step in Model 
Sources: J. Ingham et al. (2007) 
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2.5 ASSUMPTIONS AND SIMPLIFICATIONS 
 
Assumption is very important where not to complicate the matters which is 
unnecessarily.  But for the greater part, they are generally applicable to distillation 
column.  By the way, there are few specifically defined for the column and the mixture 
concerned (Brian R et al., 2006). 
 
Based on the reference, the assumptions and simplifications can be identified (Brian R 
et al., 2006): 
 
1. Convenient to take the physical properties as being dependent on the molar 
composition.  No general valid relationships are known, the relationship must be 
established experimentally. 
2. In the stationary situation the vapor and the liquid phase at a tray are uniform, 
coexisting at the same temperature and pressure, and having a certain 
interrelated composition. This assumes an ideal heat rate balancing in the 
absence of interface resistance. 
3. Compared to the liquid mass, the vapor mass at tray is negligible. 
4. The energy content of the vapor mass at tray is neglected. 
5. The equilibrium temperature is considered to be dependent variable. 
6. The tray vapor rate and the liquid hold-up have no effect on the heat transfer. 
7. The heat of mixing is negligible. 
8. The component dynamics of condenser and evaporator are neglected. 
9. The reflux consists of liquid approximately at boiling point. 
 
2.6 PETROLEUM FRACTIONS 
 
The mole fractions or compositions is really important in chemical industry but 
it different with petroleum refining where the boiling point ranges would be applied.  
For example, the sample of heating oil would be used and had been placed in a heated 
container.  The temperature would be categorized by initial boiling point which starts at 
0% to final boiling point where the sample had completely vaporized.  The normal 
percentage measured was at 5% and 95% where the percent of the sample has 
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vaporized.  This is very similar to the dew point of a mixture of specific chemical 
components (Ji S. et al. 2002). 
 
By the way, there are three types of boiling point analysis which are ASTM-D86 
(Engler), ASTM-D158 (Saybolt) and TBP.  The first and second very similar to the 
boiling of vapor as described before.  In the third, the vapor from the container passes 
into a packed distillation column and some specified amount is refluxed.  Thus the third 
analyses exhibit some fraction, whiles the first and second are just single-stage 
separations.  The ASTM analysis is easier and faster to run but the TBP analysis gives 
more detailed information about the contents of crude.  For the Aspen Plus, the method 
for performing quantitative calculations with petroleum fraction is to break them into 
pseudo-components and generates the pseudo-components into given “assay” 
information like table 2.1 an example for crude oil (William L. et al. 2006). 
 
Table 2.1: An Example of Comparison for Boiling Point Methods for Crude Oil 
 
Vol% Distilled ASTM D86 TBP 
IBP 5 - 99  
5 146 97 
10 227 196 
30 408 403 
50 554 569 
70 742 772 
90 1021 1143 
95 1169 1331 
FBP 1317 1563 
 
Source: William L. et al. (2006) 
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2.7 PROPERTY METHOD SYSTEM 
 
Method system in Aspen Plus simulation is the requirement to run the 
simulation and usually after the defining of components which to be used.  The 
important of thermodynamic methods is to calculate the quantities for the simulation 
like to calculate enthalpy, entropy, K-values, density, transport properties and others.  
The selection of thermodynamic methods is very important for running the Aspen Plus 
simulation and the wrong selection will give meaningless results (Eric C.C. 1996).  The 
following table 2.2 had been showed the example of thermodynamic methods and its 
keyword. 
 
Table 2.2: Property Methods Keyword and Uses 
 
Keyword Uses 
SRK Suitable for hydrocarbon systems in gas and refinery processing. 
PR Suitable for hydrocarbon systems in gas and refinery processing. 
NRTL Used with mixtures, this can form two immiscible liquid phases. 
GS For the calculation of K-values. 
BK10 Primarily for refinery crude and vacuum columns which is 
operating near or at atmospheric pressure. 
 
Source: Aspen Tech, Inc., (2001) 
 
For this research, the simulation was proceeding to BK10 method as long as it 
suitable for crude and vacuum columns and more the CDU was operated at and near to 
atmospheric pressure.  The BK10 property method uses the Braun K-10 K-value 
correlation which for real components and oil fractions.  Furthermore, the proprietary 
methods were developed to cover the heavier oil fractions and the boiling ranges 450 – 
700 K.  The real components also had included 70 hydrocarbons and light gases.  The 
BK10 property method is suited for vacuum and low pressure applications which may 
up to several atm.  The high pressures petroleum-tuned equations of state are best 
suited.  The temperature range in K10 chart is 133 – 800 K and may be used up to 1100 
K (Aspen Tech, Inc., 2001). 
